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Abstract. We have investigated the 6Li(γ, d) reaction theoretically for the formation of the η′(958) mesic
nucleus close to the recoilless kinematics. We have developed the theoretical formula and reported the
quantitative results of the formation spectra for various cases in this article. We have found that the
formation cross sections are reduced by the effects of the fragile deuteron form factor.
PACS. 21.85.+d Mesic nuclei – 36.10.Gv Mesonic, hyperonic and antiprotonic atoms and molecules –
25.10.+s Nuclear reactions involving few-nucleon systems – 13.60.Le Meson production
1 Introduction
The study of the symmetry breaking pattern of QCD and
its (partial) restoration in extreme conditions such as high
density ρ and/or temperature T is one of the most interest-
ing subjects in the contemporary hadron nuclear physics
[1]. Within many researches in this field, the study of the
meson–nucleus bound states has certain advantages and
enables us to perform the selective observation of the me-
son properties with fixed quantum numbers of the bound
states. They also enable us to obtain the quasi-static in-
formation without contaminations by the dynamical time
evolution of the system [2]. Thus, the study of the meson–
nucleus bound systems is one of the best methods to inves-
tigate the meson properties at finite density ρ . 0.17 fm−3
with T = 0.
From the successful observation of the deeply bound
pionic atoms [3,4,5], one has recognized well that it is crit-
ically important to find out the way how we can produce
and observe new meson–nucleus bound states in labora-
tory. It is essential to develop and widen this field to new
frontiers such as the study of the heavier meson proper-
ties in nucleus. So far, one-nucleon transfer reactions have
been mainly considered and successfully used to produce
the nuclear bound states of a meson in the recoilless kine-
matics [2,3]. It has been known that the formation of the
bound states in the recoilless kinematics is most efficient
and important for the experimental observation.
However, the recoilless condition can be satisfied only
for lighter mesons than nucleon, in the one-nucleon trans-
fer reactions. To overcome this difficulty, Ikeno et al. stud-
ied the two nucleon pick-up reactions on the 6Li target for
the formation of heavy meson bound states with the α
particle [6]. We develop this study further in this article
and improve the theoretical method in the following four
points;
(i) the distortion effects are taken into account for emitted
deuteron,
(ii) the elementary cross section is evaluated phenomeno-
logically and the absolute value of the formation cross sec-
tion is obtained,
(iii) the realistic α density distribution is used to calculate
the meson–α bound states,
(iv) the correction of the center-of-mass motion in the cal-
culation of the effective numbers is considered.
We formulate the improved theoretical model and show
the quantitative numerical results.
As for the actual meson which we investigate nuclear
bound system formation in this article, we consider the
η′(958) (η′) meson. The η′ meson is a heavier meson than
nucleon and is believed to get so heavy because of the
UA(1) anomaly. Recently, the structure and formation of
the bound states of η′ in nucleus have been studied in the-
oretical and experimental points of view [7,8,9] in the con-
texts of the strong symmetry and the η′ property changes,
especially its mass shift in nucleus. In the present ex-
ploratory level, the study of the η′ bound states formation
is important and necessary. In this article, we consider the
formation of the η′ bound states in the α particle in the
6Li(γ, d) reaction and report the calculated results of the
formation cross section. It should also be noted that the η
meson–nucleus systems have been studied for a long time
both theoretically and experimentally [10,11,12,13].
This paper is organized as follows. In section 2, we give
the formulation to get the formation rate of the η′ bound
states in the effective number approach for the 6Li(γ, d)
reaction. Then, in section 3 we show the numerical re-
sults of the η′ mesic nucleus formation cross section, where
we report the results of the elementary cross section, the
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structure of the η′–α bound systems, and the calculated
formation spectra. We also give some discussions on the ef-
fects of the possible shrinkage of the quasi-deuteron in the
6Li target. We devote section 4 to summarize this work.
2 Effective number formalism for the
quasi-deuteron in nucleus
The theoretical calculation of the two-nucleon transfer re-
actions is rather difficult in general. Thus, we have adopted
same theoretical formula as in Ref. [6] and considered the
6Li target, which is expected to have large probability of
the α+ d component in its ground state. The probability
is reported to be 0.73 in Ref. [14].
We apply the effective number approach to evaluate
the formation rate of the η′–nucleus bound system in the
(γ, d) reaction as in Ref. [6]. We evaluate the formation
cross section in the laboratory frame as a function of the
energy Ed and the solid angle Ωd of the emitted deuteron
by applying the effective number approach. The cross sec-
tion can be written as,
d2σ
dEddΩd
=
(
dσ
dΩd
)ele
Lab
∑
f
Neff
Γη′
2pi
1
∆E2 + Γ 2η′/4
, (1)
where (dσ/dΩd)
ele
Lab
is the elementary cross section of the
η′ meson photo production from deuteron, γ+ d→ d+ η′
reaction. In this formalism, we need the value of the ele-
mentary cross section at angles with the largest momen-
tum transfer to the deuteron in the elementary process
since the deuteron must be emitted to forward angles in
the laboratory frame with similar momentum with the
incident photon in the recoilless kinematics of 6Li(γ, d)
reaction. The final states with α and η′ indicated by f
are summed up to evaluate the γ +6 Li → d + (η′–α)
cross section. We have summed up the contributions of
all the bound η′–α states with the width Γη′ listed in Ta-
ble 1. The η′–α scattering states are not included in our
calculations, which contribute to the spectrum above the
threshold. The energy transfer ∆E of the reaction in the
laboratory frame is defined as,
∆E = Td − pγ + Sd −Bη′ +mη′ , (2)
where Td is the emitted deuteron kinetic energy, pγ the
incident photon momentum, and mη′ the η
′ meson mass.
The η′ meson binding energy Bη′ is determined for each
bound level of the η′ meson and the deuteron separation
energy Sd is evaluated to be Sd = 1.47 MeV by calculating
the mass gap as Sd = (Mα+Md)−M6Li. Here, we neglect
the recoil energy of the daughter nucleus in this expression
of the reaction kinematics since we mainly consider the
kinematics close to the recoilless condition.
The effective number in Eq. (1) of the 6Li(γ, d)α⊗ η′
reaction can be written as,
Neff =
∑
JM
∣∣∣∣
∫
χ∗d′(r)
[
φ∗lη′ (r)⊗ ψld(r)
]
JM
χγ(r)dr
∣∣∣∣
2
,
(3)
where φlη′ (r) and ψld(r) are the wave functions of the η
′
meson and the deuteron bound to α. χγ(r) and χd′(r)
are the incident photon and the emitted deuteron wave
functions in the scattering states, respectively. The effec-
tive number is considered to evaluate the effective nucleon
number participating the reaction and to provide an ex-
pression of the nucleon response function.
The momentum transfer q of the reaction is defined
as,
q = pγ − pd, (4)
and it is shown in Fig. 1 for the formation of an η′ meson
bound state in the cases of Bη′ = 0, 24.7, 96.8 MeV. q is
calculated by considering the kinematics with ∆E = 0 in
Eq. (2) in the laboratory frame. The momentum transfer q
with Bη′ = 0 corresponds to the threshold η
′ production,
and q with Bη′ = 24.7 MeV and 96.8 MeV correspond
to the formation of the (η′–α) bound states obtained in
section 3. From the figure, we find that the η′ meson at
the threshold (Bη′ = 0) is produced in the recoilless kine-
matics by the (γ, d) reaction with Eγ ∼ 1.46 GeV, while
bound η′ meson with binding energies Bη′ = 24.7 and
96.8 MeV can be produced in the recoilless kinematics by
the incident photon with Eγ ∼ 1.40 and 1.23 GeV, re-
spectively. Thus, it is confirmed that the η′ meson can be
produced in the recoilless kinematics in the (γ, d) reaction
by choosing the appropriate photon energy as pointed out
in Ref. [6].
Fig. 1. Momentum transfer q of the forward 6Li(γ,d) reaction
for the η′ meson bound state formation as functions of the
incident photon momentum pγ for three values of the η
′ meson
binding energy Bη′ . The recoil energy of the daughter nucleus
is neglected. The deuteron separation energy Sd is fixed to be
Sd = 1.47 MeV.
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Fig. 2. Schematic figure of the elementary process of the coher-
ent η′ meson photo-production from the deuteron target con-
sidered in this article. ψd and T indicate the anti-symmetrized
deuteron wave function and the transition amplitude of the
γ +N → η′ +N process.
The elementary cross section (dσ/dΩd)
ele
Lab
in Eq. (1)
is the cross section of the γ+d→ d+η′ reaction. We show
the schematic figure of this reaction in Fig. 2. Since the
data of the differential cross section in this kinematics are
not available unfortunately, we consider a simple model
as indicated in Fig. 2 to evaluate the elementary cross
section. The S–matrix can be written as,
S =
∫ √
Md
Ed′
1√
V
exp
[
−ipd′ ·
(
x1 + x2
2
)]
ψ∗d (x1 − x2)
× 1√
2ωη′
1√
V
exp [−ipη′ · x1] iT
×
√
Md
Ed
1√
V
exp
[
ipd ·
(
x1 + x2
2
)]
ψd (x1 − x2)
× 1√
2Eγ
1√
V
exp [ipγ · x1]
× (2pi)δ (Ed + Eγ − Ed′ − ωη′) dx1dx2, (5)
where the coordinates of the initial nucleons are written
as x1 and x2, Md indicates the deuteron mass, Ed and
Ed′ the deuteron energies in the initial and final states,
and ωη′ the emitted η
′ meson energy. pd,pd′ ,pη′ , and pγ
indicates the momentum of the each particle. ψd and T
indicate the anti-symmetrized deuteron wave function and
the transition amplitude of the γ +N → η′ +N process.
Since the deuteron wave function has the largest spatial
dimensions in this system and the deuteron form factor
is expected to determine the angular dependence of the
cross section, we assume the transition amplitude T to be
expressed by a coupling constant c and put T = c, which
will be determined by the available experimental data.
Using the S–matrix, we can obtain the elementary
cross section by performing the phase space integration,
dσ =
V
vrel
|S|2
T
V
(2pi)3
dpd′
V
(2pi)3
dpη′ , (6)
where vrel indicates the relative velocity between the ini-
tial photon and deuteron. The cross section in the center-
of-mass frame of the γ+d→ d+η′ reaction can be finally
written as,
(
dσ
dΩd
)ele
CM
=
|c|2
8pi2
M2d
λ1/2(s,M2d , 0)
pd′
Ed′ + ωη′
|Fd(q)|2, (7)
where Fd is the deuteron form factor. It should be noted
that the momentum transfer q in Fd should be evaluated
in the initial deuteron rest frame, though other kinemat-
ical variables in Eq. (7) are defined in the center-of-mass
frame of the reaction. λ indicates the Ka¨llen function de-
fined as,
λ(x, y, z) = x2 + y2 + z2 − 2xy − 2yz − 2zx. (8)
In section 3, the applicability of this simple formula is
checked using the γ + d → d + η data, and the coupling
constant c of the contact interaction in Eq. (7) is deter-
mined by the data of the η′ production total cross section
in Ref. [15].
The deuteron form factor Fd is defined as,
|Fd(q)|2 = 1
3
∑
M′M
∣∣∣FM′Md (q)∣∣∣2 , (9)
where M and M′ indicate the magnetic quantum number
of the deuteron total spin in the initial and final states,
respectively. FM
′
M
d can be calculated as,
FM
′
M
d (q) =
∫
ψ∗M
′
d (r)e
iq·r/2ψMd (r)dr, (10)
using the standard deuteron wave function ψMd , which is
written as the sum of the S- and D-wave parts as,
ψMd (r) = ψ
M
S (r) + ψ
M
D (r). (11)
The S- and D-wave part wave functions are written with
two nucleon spin wave function χMss as,
ψ1S(r) =
u(r)
r
1√
4pi
χ11, (12)
ψ1D(r) =
w(r)
r
(√
3
5
Y 22 χ
−1
1
−
√
3
10
Y 12 χ
0
1 +
√
1
10
Y 02 χ
1
1
)
, (13)
for the M = 1 state, for example. The expressions of all
FM
′
M
d can be found in Ref. [16] as Sm′,m in their notation.
After some manipulations, the form factor |Fd|2 can be
written as,
|Fd(q)|2 =
∣∣∣∣S0
(
1
2
q
)∣∣∣∣
2
+
∣∣∣∣S2
(
1
2
q
)∣∣∣∣
2
, (14)
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where S0 and S2 are defined as,
S0(p) =
∫
∞
0
[
u2(r) + w2(r)
]
j0(pr)dr, (15)
and
S2(p) =
∫
∞
0
[
2u(r)w(r) − w2(r)/
√
2
]
j2(pr)dr, (16)
with j0 and j2 the spherical Bessel functions. As for the
deuteron radial wave functions u(r)/r and w(r)/r, we use
those obtained by the Bonn potential [17]. The momen-
tum transfer q to the deuteron in Eq. (14) is evaluated in
the initial deuteron rest frame in the elementary process
shown in Fig. 2.
We take into account the distortion effects to the deuteron
wave function by the Eikonal approximation and χ∗d′(r)χγ(r)
in Eq. (3) is written as,
χ∗d′(r)χγ(r) = e
iq·rD(b, z), (17)
where D is the distortion factor defined as,
D(b, z) = exp
[
−σdN
2
∫ +∞
z
ρα(b, z
′)dz′
]
, (18)
with the impact parameter b and the beam direction co-
ordinate z. The distortion cross section σdN is fixed to be
σdN = 60 mb [18]. ρα indicates the density distribution
of the daughter nucleus. The emitted deuteron could also
be distorted by the interaction with bound η′ meson. We
do not consider this effect here because of the lack of the
information on η′ interaction in this exploratory level. To
take into account the correction due to the center-of-mass
motion in the calculation of Neff , we have scaled the co-
ordinate r in Eq. (17) as,
r → Mα
mη′ +Mα
r, (19)
with the masses of the η′ meson mη′ and the α particle
Mα according to the prescription adopted in Ref. [19].
The bound η′ meson wave functions in the final state
are calculated by solving the Klein-Gordon equation with
an optical potential Uη′(r) written as,
Uη′(r) = (V0 + iW0)
ρα(r)
ρ0
, (20)
where V0 and W0 are the parameters which determine
the real and imaginary potential strength at the normal
nuclear density ρ0 = 0.17 fm
−3, respectively.
The strength of the η′–nucleus potential is still contro-
versial and has not been determined well. In Refs. [7,20],
where the formation of the η′ mesic nucleus was considered
for the first time, the strength of the η′–nucleus potential
was evaluated by the NJL model to be around −150 MeV.
Actually the recent evaluation based on the chiral symme-
try restoration [21] also indicates the strong attractive and
less absorptive potential. Another calculation based on the
chiral unitary model [22] reveals the sensitivity of the po-
tential to the coupling strength of the singlet η to the octet
baryons. On the other hand, the latest experimental data
indicate the small η′N scattering length [23] and the shal-
low η′–nucleus potential [24,25]. Theoretical evaluation in
Ref. [26] also indicates weak attractive potential. There-
fore, we accept large uncertainties of the η′–nuclear optical
potential strength and consider wide varieties of potential
strength as introduced in section 3.2, which almost cover
the potential strength mentioned above.
As for the density distribution of the α particle ρα, we
have used the theoretical results obtained by the Gaus-
sian expansion method [27,28], which is known as one of
the most accurate method for the studies of the few-body
systems.
The wave function for the relative motion of deuteron
and α in the 6Li target ψld is determined to reproduce the
momentum distribution reported in Ref. [14] as in Ref. [6],
and is obtained by solving the Schro¨dinger equation with
the Woods-Saxon type potential,
U(r) =
U0
1 + exp((r −R)/a) , (21)
where the parameters are fixed to be R = 2.0 fm, a =
0.5 fm, and U0 = −75 MeV as in Ref. [6].
Finally, we should mention here that the expression
of Eq. (1) for the bound state formation cross section is
based on the factorization assumption of the elementary
meson production cross section and the effective numbers
which describe the nuclear response. Since the elementary
cross section is determined to reproduce the on-shell η′
production data as described below, the off-shell effects of
the elementary process have not been taken into account
in the present formalism, which could affect the numerical
results reported in this article [10].
3 Numerical results
3.1 Elementary Cross Section
In this subsection, we show the numerical results of the ele-
mentary cross sections and study the validity of our simple
formula shown in Eq. (7). Since we have no experimental
data of the angular distribution of the γ+d→ d+η′ reac-
tion, we apply our model to the η production and compare
the results to the data of the γ + d → d + η reaction in
Fig. 3 to study the applicability of the model. As we can
see in Fig. 3, the angular dependence of the coherent η
production from deuteron target is well reproduced with
the coupling strength parameter c = 0.15 fm. We have
also checked our numerical results for other cases with
different photon energies reported in Ref. [29,30], where
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we can also find the experimental angular distribution of
the γ + d → d + η reaction with photon energy intervals
Eγ = 629− 649, 649− 669, and 688− 716 MeV. We have
found the good reproduction again for other energies with
c = 0.13 − 0.15 fm. Then, we have compared our results
to the data of the total cross section of γ + d → d + η′
reaction as shown in Fig. 4. We can see from the figure
that the energy dependence of the total cross section is
reasonably reproduced around Eγ = 1.2 − 1.5 GeV with
c = 0.1 fm. Thus, we have used the model shown in Eq.
(7) to evaluate the angular dependence of the elementary
cross section which is necessary for the effective number
approach.
Fig. 3. Angular distribution of the coherent η production with
the photon energy Eγ = 669−688 MeV from the deuteron tar-
get in the center-of-mass frame. Experimental data are taken
from [29] (TAPS) and [30] (PHOENICS). The solid line is the
calculated result at Eγ = 678.5 MeV by the present model
shown in Eq. (7) for η production with c = 0.15 fm.
We show the calculated cross section of the γ + d →
d + η′ reaction at Eγ = 1.4 GeV as a function of the
scattering angle θγd in the center-of-mass frame in Fig. 5.
Since the scattering angle θγd is defined as that between
the incident photon and the emitted deuteron, the mo-
mentum transfer takes the maximum value and the cross
section the minimum value at θγd = 0
◦. The value of the
elementary cross section at θγd = 0
◦ which is used in the
effective number approach is 0.019 nb/sr in the center-of-
mass frame and 0.208 nb/sr in the laboratory frame at
Eγ = 1.4 GeV.
Then, we show in Fig. 6 the incident photon energy
dependence of the elementary cross section at θγd = 0
◦.
We can see from the figure that the elementary cross sec-
tion at θγd = 0
◦ becomes significantly smaller for higher
photon energies because of the fragile deuteron form fac-
tor. For the higher photon energies, the total cross section
becomes larger as already shown in Fig. 4 because of the
larger phase volume. However, at the same time, the mo-
mentum transfer at θγd = 0
◦ becomes larger and the cross
section has more backward peak structure for higher pho-
ton energies. Consequently, the differential cross section at
Fig. 4. Total cross section for the coherent η′ production from
the deuteron target as a function of the incident photon energy.
Experimental data are taken from Fig. 14 in Ref. [15]. Different
symbols correspond to different analyses in Ref. [15]. The solid
line is the calculated result by the present model shown in Eq.
(7) with c = 0.1 fm.
Fig. 5. Angular distribution of the coherent η′ production with
the photon energy Eγ = 1.4 GeV for the deuteron target in
the center-of-mass frame. The solid line is the calculated result
by the present model shown in Eq. (7) with c = 0.1 fm.
θγd = 0
◦ behaves as shown in Fig. 6 as a function of the
incident photon energy. We use the cross section shown in
this figure as the elementary cross section in the effective
number approach.
3.2 Structure of the η′–α bound states
The structure of the η′–α bound states are calculated by
solving the Klein-Gordon equation with the optical po-
tential given in Eq. (20). We have used a realistic density
distribution of the α particle [27,28], which is shown in
Fig. 7 as a function of the radial coordinate r. We should
mention here that the central density of α is as huge as
ρα(0) = 0.34 fm
−3, as well-known, and is twice as the
normal nuclear density ρ0 = 0.17 fm
−3.
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Fig. 6. Incident photon energy dependence of the differential
cross section of the γ + d→ d+ η′ reaction at θγd = 0
◦ in the
laboratory frame with c = 0.1 fm.
As for the potential parameters, V0 and W0, we con-
sider the wide varieties of the potential strength as dis-
cussed in section 2 and use the same sets of V0 and W0
as in Ref. [8]. We show the potential profile in Fig. 8
for (V0,W0) = (−150,−5) MeV case, as an example. As
we can see in the figure, we should note that the central
strength of the potential is large and is about −300 MeV
for real part and −10 MeV for imaginary part because of
the high central density in α.
Fig. 7. Realistic α density distribution calculated by the Gaus-
sian expansion method [27,28].
The calculated binding energies and widths are de-
picted in Fig. 9 for (V0,W0) = (−200,−20) MeV case,
where the level widths are shown by the hatched area. In
this potential case, we have found the four well-separated
bound levels. In Fig. 10, the radial density distributions
of the bound η′ are shown for the same potential case.
The calculated results of the η′–α bound states for var-
ious potential depths are shown in Fig. 11. We can see that
the binding energies of the bound states are mainly deter-
Fig. 9. Level structure of the η′–α bound states with the po-
tential parameter (V0,W0) = (−200,−20) MeV case. The level
width for each state is indicated by the hatched area.
Fig. 10. Calculated density distributions of the η′ bound state
in α are plotted as a function of the radial coordinate r for the
potential parameter (V0,W0) = (−200,−20) MeV case.
mined by the strength of the attractive potential, while
the widths are by the imaginary potential as naturally ex-
pected. The calculated values of the binding energies and
widths are compiled in Table 1 for all cases considered
here. Here, the binding energies assumed for the calcula-
tion of the momentum transfer in Fig. 1 are the 1s state
with (V0,W0) = (−100,−5)MeV forBη′ = 96.8 MeV, and
the average of the 1s state with (V0,W0) = (−50,−5)MeV
and the 2s state with (V0,W0) = (−200,−5) MeV for
Bη′ = 24.7 MeV.
3.3 Formation of the η′–α bound states in 6Li(γ, d)
We calculate the formation spectra defined by Eq. (1) and
show the numerical results in this section. First, we show
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Fig. 8. Profile of the η′–α optical potential is shown as functions of the radial coordinate r for the real part (left) and the
imaginary part (right) for the potential parameters (V0,W0) = (−150,−5) MeV.
Fig. 11. Calculated binding energies of the η′–α bound states
are plotted as functions of the potential parameter V0 for two
different absorptive potential strengthW0 = −5 (left) and −20
(right) MeV. The widths and the quantum numbers of bound
states are indicated in the figure.
Table 1. Calculated binding energies and widths of the η′–α
bound systems are shown in unit of MeV for all cases studied
in this article.
V0 [MeV] state
W0 [MeV]
-5 -20
Bη′ Γη′ Bη′ Γη′
-50 1s 22.4 11.6 19.3 47.3
-100
1s 96.8 17.6 95.0 70.4
2p 11.1 8.4 8.5 34.4
1s 197.3 22.8 195.0 91.0
-150 2s 1.7 2.4
2p 67.1 13.5 65.6 54.1
-200
1s 330.0 31.3 325.4 124.0
2s 27.0 7.3 25.6 29.3
2p 144.7 17.6 143.1 70.2
3d 13.0 8.9 11.5 36.0
in Fig. 12 the effective numbers for the 1s, 2p, 2s bound
states calculated with (V0,W0) = (−150,−5) MeV as an
example. For each state, the recoilless condition is satisfied
at Eγ ∼ 0.98 GeV for the 1s state, Eγ ∼ 1.46 GeV for the
2s state, and Eγ ∼ 1.30 GeV for the 2p state, respectively.
We can see from the figure that the effective number for
the 2s state formation takes the maximum value at the re-
coilless energy. This behavior of the effective number has
been expected since the d–α relative motion in the target
6Li is described by the 2s wave function which has the
largest overlap with the 2s bound state wave function of
the η′–α system at the recoilless kinematics. In contrast
the effective number for the 2p state takes the smallest
value at the recoilless kinematics. This behavior can be
understood as follows. Since the relative wave functions
between η′–α and d–α have the similar spatial dimension,
they satisfy the approximate orthogonal condition for the
states with different quantum numbers. Thus, at the re-
coilless kinematics, the effective number for the formation
of the 2p state of η′–α is strongly suppressed because of
the 2s wave function for the d–α state in the target 6Li.
Finally, the effective number for the 1s state does not show
the clear Eγ dependence, namely the momentum transfer
dependence, in this energy region because of the compact
wave function of the deeply bound states. If we look more
closely the line of the 1s state effective number in Fig.
12, we can find that the effective number takes the largest
value at Eγ ∼ 1.3 GeV and is slightly suppressed at the
recoilless kinematics. This suppression can be understood
as in the case of the 2p state formation as explained above
by considered the approximate orthogonality between 1s
wave of η′–α and 2s wave of d–α.
We show below the calculated formation spectra of
the η′–α bound states. First, we show the spectra for
the V0 = −50 MeV case in Fig. 13, which is the weak-
est attractive potential case considered in this article, for
four incident photon energies. The potential parameter of
the absorptive part is assumed to be W0 = −5 MeV and
−20 MeV. The spectra are plotted as the functions of the
excitation energy Eex of the η
′ mesic nucleus, which are
defined as,
Eex − E0 = pγ − Td −mη′ − Sd,
where E0 indicates the threshold energy of the η
′ produc-
tion in the 6Li(γ, d) reaction. All spectra calculated in this
article are plotted for the same range of the excitation en-
ergy in Figs. 13−16 and 17 (b). The peaks in Eex−E0 < 0
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Fig. 12. Photon energy dependence of the calculated effec-
tive numbers with (V0,W0) = (−150,−5) MeV. The quantum
numbers of the η′ bound states are indicated in the figure.
region mean the formation of the bound states. We found
that we can see the peak structure in the spectra for the
formation of the 1s state. The absolute value of the cross
section is as small as the order of around 0.1 pb/sr/MeV
in this case. We also found that the cross section become
smaller for the higher incident energies.
Fig. 13. Expected spectra of the forward 6Li(γ, d) reaction
for the formation of the η′ bound state in α are plotted as
functions of the excitation energy of the η′ mesic nucleus for
four incident photon energies as indicated in the figure. The
parameter of the real part of the optical potential is assumed
to be V0 = −50 MeV and that of the imaginary part to be
W0 = −5 MeV for the solid lines and −20 MeV for the dashed
lines. The contribution from the quasi-free η′ production is not
included in these spectra.
We also show the calculated spectra for other cases
with different potential depths in Figs. 14−16. In Fig. 14,
we can see the peak due to the formation of the 1s state
of η′–α around Eex−E0 ∼ −100 MeV for Eγ = 1.23 GeV,
and the peak due to the formation of 2p bound states is
also seen largely atEex−E0 ∼ −10MeV. The cross section
of the 2p bound state formation is large at Eγ = 1.23 GeV
because the matching condition between the momentum
and the angular momentum transfer is satisfied at this
energy. Since the binding energy is small for the 2p state
for V0 = −100 MeV, the momentum transfer is around
200 MeV/c at Eγ = 1.23 GeV as shown in Fig. 1 by the
solid line for the Bη′ = 0 case. If we roughly estimate the
radius R of the α particle to be around 1 fm, the reaction
with the angular momentum transfer ∆l = 1 satisfies the
matching condition ∆l ∼ Rq. Thus, the formation of 2p
bound state of η′–α from the 2s bound state of d–α (=6Li)
is enhanced at this energy for the V0 = −100 MeV. In Fig.
15, we can see the highest peak in all cases considered
in this article in the spectra for Eγ = 1.4 GeV. In this
case with V0 = −150 MeV, there is a 2s bound state
close to the threshold. And this state can be produced in
the recoilless condition around Eγ = 1.4 GeV. Since the
relative wave function of d–α in 6Li is considered to be
2s state, the 2s bound state of the η′–α system is largely
produced as a substitutional state in this case. And as
expected from the effective numbers shown in Fig. 12, the
peak of the η′ bound state formation in the 2s level is the
highest one in the spectra for all cases shown in Fig. 15. We
can see in Fig. 16 the complex peak structure composed
of the 2s and 3d bound states around the threshold at
Eγ = 1.23 GeV. We also see the deepest bound state
contribution at Eex − E0 ∼ −330 MeV in this case.
In all cases considered here, we find that the forma-
tion spectra have the strong tendency to be smaller for
the higher photon energies, while the relative strength of
each peak can be reasonably interpreted by the behavior
of the effective numbers. The photon energy dependence is
naturally understood by the reduction of the elementary
cross section shown in Fig. 6, which is due to the fragile
nature of the deuteron expressed by the form factor in our
formulation. As for the behavior of the effective numbers,
the energy dependence of the shallow η′ bound states such
as 2s and 2p states is well understood by the matching
condition between the momentum and the angular mo-
mentum transfer of the reaction. The energy dependence
of the formation of the deepest 1s bound state of η′ is
found to be weak because of the compactness of the wave
function. And the peak height of the 1s state formation is
relatively small for all cases because of the small overlap
with the 2s radial wave function of the d–α initial state
and the larger width due to the η′ nuclear absorption than
shallower η′ bound states. Thus, to obtain the larger for-
mation cross section of the η′ bound states it is better to
consider to use the lower photon energies for the η′ pro-
duction and to choose the photon energy and/or η′ state
to satisfy the matching condition of the momentum and
the angular momentum transfer.
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Fig. 14. Same as Fig. 13 except for V0 = −100 MeV.
Fig. 15. Same as Fig. 13 except for V0 = −150 MeV.
Fig. 16. Same as Fig. 13 except for V0 = −200 MeV.
3.4 Effects of the possible shrinkage of the
quasi-deuteron in 6Li target
In this section, we consider the effects of the possible
shrinkage of the quasi-deuteron in 6Li target and the pos-
sible enhancement of the elementary cross section.
The S- and D-wave deuteron wave functions u(r) and
w(r) shown in section 2 are parametrized in Ref. [17] as,
u(r) =
∑
j
Cj exp (−mjr) ,
w(r) =
∑
j
Dj exp (−mjr)
(
1 +
3
mjr
+
3
(mjr)
2
)
,
(22)
where Cj ’s, Dj ’s, and mj ’s are the constants given in Ref.
[17]. To simulate the shrinkage, we introduce the scale
factor α (0 < α < 1) and vary the parameters mj , Cj ,
and Dj in Eq. (22) as,
mj → 1
α
mj ,
Cj → 1√
α
Cj ,
Dj → 1√
α
Dj .
(23)
This scaling clearly does not change the normalization
condition,
∫
∞
0
dr
[
(u(r))
2
+ (w(r))
2
]
= 1,
while the root-mean-square radius for the deuteron scales
as,
√
〈r2d〉 → α
√
〈r2d〉.
Then we show the elementary cross section and the
formation spectra of the η′–α system for the different α
values to know the role of the deuteron form factor and
the effects of the deuteron shrinkage in Fig. 17. We can
see from the Fig. 17 (a) that the value of the differential
cross section at θγd = 0
◦ of the elementary γ+ d→ d+ η′
reaction become larger by the deuteron shrinkage because
of the larger deuteron form factor at the high momentum
transfer for large photon energies. Accordingly, we have
the larger formation spectra of the η′–α system as shown
in Fig. 17 (b). We can see from the Fig. 17 that the shrink-
age of the deuteron enhances the cross section as we have
expected and the size of the enhancement is around factor
3 for the scale factor α = 0.8 case with the incident pho-
ton energy Eγ = 1.208 GeV and the potential parameters
(V0,W0) = (−200,−5) MeV.
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Fig. 17. (a) Incident photon energy dependence of the differ-
ential cross section of the elementary γ + d → d + η′ reaction
at θγd = 0
◦ in the laboratory frame with c = 0.1 fm. The val-
ues of the scale factor α introduced in Eq. (23) are indicated
in the figure. (b) Calculated spectra of the forward 6Li(γ, d)
reaction with the deuteron shrink effects for the formation of
the η′ bound state in the α particle are plotted as functions of
the excitation energy of the η′ mesic nucleus for the incident
photon energy Eγ = 1.208 GeV and the potential parameters
(V0,W0) = (−200,−5) MeV case. The contribution from the
quasi-free η′ production is not included in this spectra. The
values of the scale factor α are the same as indicated in the
figure (a).
4 Conclusions
We have reported the first calculated results of the forma-
tion cross section of the η′(958) mesic nucleus in α by the
6Li(γ, d) reaction. We have improved the theoretical for-
mula reported in Ref. [6] in the following four points, (i)
the inclusion of the distortion effects for emitted deuteron,
(ii) the evaluation of the elementary cross section, (iii)
the usage of the realistic α density, and (iv) the inclusion
of the center-of-mass correction of the reaction. We have
shown the numerical results for the various cases with the
different η′–α interaction strengths and incident photon
energies.
We have found that the relative strength of each sub-
component of formation spectra is reasonably understood
in the context of the matching condition as we expected.
On the other hand, we have also found that the absolute
strength of the whole spectrum has strong tendency to be
smaller for higher incident photon energies. This tendency
can be naturally understood by the fragile deuteron form
factor. We have checked the effects of the form factor by
considering the possible shrinkage of the deuteron in the
6Li target. As the conclusion of this article, the order of
magnitude of the formation spectra of η′ mesic nucleus
in α particle in the 6Li(γ, d) reaction is 10 pb/sr/MeV
or less as shown in Figs. 13−16 and the formation cross
section tends to be larger for the smaller incident photon
energies because of the smaller momentum transfer to the
deuteron. We hope that our results stimulate the new ex-
perimental studies of the η′ mesic nucleus, even though it
seems difficult to observe these states.
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